During the first 6-month injection-storage-recovery cycle of the Auburn University Aquifer Thermal Energy Storage Project, water pumped from an upper supply aquifer was heated to an average temperature of 55øC with an oil-fired boiler and then injected into a lower storage aquifer. Injection and recovery temperatures, flow rates, and temperatures at six depths in 10 observation wells and hydraulic heads in seven wells were recorded twice daily. The second-cycle injection, which was performed in a manner similar to the first, began on September 23, 1978, and continued until November 25, 1978, when 58,010 m 3 of water had been pumped into the storage aquifer. The major problem experienced during the first cycle, a clogging injection well, was reduced by regular backwashing. This was done 8 times during injection and resulted in a 24% average injection rate increase compared to the first cycle. A 63-day storage period ended on January 27, 1979, and production of hot water began with an initial temperature of 54øC. By March 23 this temperature had dropped to 33øC, with 66,400 m 3 of water and 76% of the injected thermal energy recovered. This compares to 66% recovery during the first cycle over the same drop in production temperature. Production of hot water continued until April 20, at which time 100,100 m 3 of water and 89% of the injected thermal energy was recovered at a final production temperature of 27.5 o C. During the second cycle, measurements were made of relative land subsidence and rebound to a precision approaching 0.1 mm. The surface elevation near the injection well rose 4 mm during injection, fell during storage, and fell more rapidly toward its original elevation during production. This movement was due to thermal expansion and contraction rather than to effects caused by head changes in the storage aquifer.
INTRODUCTION
Several studies aimed at determining the feasibility of using aquifers for the storage of thermal energy in the form of heated water have been reported recently [Mathey, 1977 Although the city of Shanghai, China, has apparently had a relatively large aquifer storage program in operation for over a decade [Tsang and Hopkins, 1980] , the largest experiment reported in the western literature was performed by Mall et al. [1979] During the 41-day production pe•od the temperature of the produced water dropped from 55øC to 33øC, and 66% of the injected thermal energy was recovered. This injection-storagerecovery cycle, which lasted apl•roximately 6 months, was the first of a planned two-cycle experiment. The second cycle began on September 23, 1978, 18 days after the first cycle was tual data points which allows a detailed 'picture' of the subsurface conditions to be developed. Shown in Figure 5 is the temperature of the water pumped from the storage aquifer as a function of time. Because some of the energy injected during the first cycle was not recovered, the temperature of the produced water during second-cycle recovery dropped more slowly with respect to time than during the first cycle. This effect can be seen clearly in Figure 6 , which is a plot of production temperature versus production volume for both the first and second cycles. Although secondcycle production temperature began at approximately 1 øC below first cycle, temperatures became identical after a production volume of 4300 m 3. Thereafter for a given production volume the second-cycle temperature was always higher than the first.
From the recorded temperature and flow rate of the injected water as functions of time one can calculate the amount of thermal energy injected above the ambient temperature. A similar calculation can be made for the amount of energy recovered. The equations actually used may be found in the work by Mall et al. [1979] . Shown in Figure 7 are plots of the thermal energy recovery factors as functions of recovery temperature. These factors are defined as the ratio of energy recovered at any time to the total energy injected. The increased energy recovery during the second cycle can be seen clearly. The rising and falling of the land surface in the vicinity of the injection well relative to the land surface 56.4 m away appeared to be due to thermal expansion and contraction rather than head changes in the storage aquifer and resulting flow into and out of aquitards. The main qualitative reason for this conclusion is that the rise was equal to or less than the fall. During injection, the excess pore pressure in the formation be- a model study based on Terzaghi consolidation theory [Wu, 1966] 
SUMMARY AND CONCLUSIONS
As predicted by theory [Lawrence Berkeley Laboratory, 1978] , an increase in energy recovery was observed with multiple injection-storage-recovery cycles. At the Mobile site, second-cycle energy recovery was 76% in the temperature range from 55øC to 33øC. Recovery at the end of the first cycle in the same temperature range was 66%. The recovery was due mainly to injected energy remaining in the aquifer after the first cycle was completed.
Clogging of the injection-production well during injection posed less of a problem during the second cycle. A regular backwashing program was probably the main contributor to the observed 24% increase in average injection rate. Although the large quantity of clay pumped out of the storage aquifer during first-cycle production may have contributed to an increased permeability during second-cycle injection, there was no observed increase in the second-cycle production rate that could be attributed to this increased permeability. In fact, the production rate decreased by 18% during recovery. An additional 3500 kg of clay were removed during second-cycle production.
During injection, a concrete observation pad (pad C) near the injection-production well rose approximately 4 mm with respect to two reference pads located 56.4 m away. During storage, pad C stopped rising and began to fall. By the end of production, pad C was approximately 0 to 2 mm above its original elevation. It appears certain. that the observed rise and fall was due to thermal expansion and contraction of water within clay strata near the hot well casing rather than head changes in the storage aquifer or thermal expansion and contraction of the storage aquifer matrix. Such temperature-induced rising and falling of the land surface should not pose an important problem in most situations.
The major problem identified by the Mobile experiments is clogging of the injection well. Such clogging can result from a myriad of geochemical and colloid chemical effects and is capable of completely halting an aquifer storage operation [Molz et al., 1979] . It is likely that storage of thermal energy in aquifers will be restricted severely until the clogging problem is better defined and techniques developed to prevent or control it.
